Oridonin is one of the most important antitumor active ingredients of Rabdosia rubescens. Recently published studies from our laboratory have demonstrated that oridonin was able to arrest human gastric cancer SGC-7901 cells at G 2 /M phase. However, little is known about inducing apoptosis in gastric cancer. The aim of this study was to investigate the effect of oridonin on antineoplastic capability of SGC-7901 cells and the detailed molecular mechanism of oridoninmediated intrinsic pathway of apoptosis. Cell proliferation was assessed by MTT assay while apoptosis induced by oridonin was determined by Hoechst 33342 staining assay and Annexin V/PI double staining assay. Early apoptotic rate was stained by Annexin V/PI and detected by flow cytometry. Apoptosis pathway was analyzed by western blot analysis of Bcl-2, Bax, cytochrome c and caspase-3 expression. The results showed that oridonin was able to inhibit the SGC-7901 cell proliferation, the 50% growth inhibition (IC 50 ) was 22.74 µM. Oridonin could induce cell apoptosis of SGC-7901 cells and the early apoptotic rates induced by 0, 20, 40, 80 µmol/l oridonin were 1.53±0.67, 3.33±0.29, 84.80±0.82 and 96.43±0.51%, respectively. Western blot analysis revealed that oridonin downregulated Bcl-2 protein (the anti-apoptotic factor) and upregulated Bax protein (pro-apoptotic factor), eventually leading to a reduction in the ratio of Bcl-2/Bax proteins. Furthermore, oridonin induced the release of cytochrome c from the mitochondria to the cytosol and the activation of caspase-3. Taken together, the current study suggested that oridonin induced apoptosis in SGC-7901 cells via the mitochondrial signal pathway, which may represent one of the major mechanisms of oridonin-mediated apoptosis in SGC-7901 cells.
Introduction
Gastric cancer is one of the most common malignant tumors worldwide. In less developed countries, stomach cancers are also leading causes of cancer death, which is generally about twice as high in men as in women (1) . The incidence and mortality rates vary widely across countries, the highest in high-income Asia Pacific, east Asia, and Andean Latin America (2) , which was related to dietary patterns, food storage, and the availability of fresh produce.
Chemotherapy is widely used in cancer treatment, it shows better therapy effect, but toxic and side effects cause serious harm to cancer patients. Recently, research interest has turned to the traditional medicine, and investigations of new anticancer drugs with low toxicity. Rabdosia rubescens, a medical plant, has been used to treat cancer in China for a long time (3) , and has been reported to show better effects in the treatment of urinary bladder carcinoma (4), esophageal carcinoma (5, 6) , prostate cancer (7) , and oridonin is one of the most important antitumor active ingredient of Rabdosia rubescens (8, 9) .
Oridonin, molecular formula C 20 H 28 O 6 ( Fig. 1) , is a diterpenoid compound (10) . Previous studies have shown that oridonin has antitumor activities in vivo and in vitro (11) (12) (13) , and oridonin inhibited proliferation of cancer cells by inducing autophagic pathways (14) (15) (16) (17) (18) , arresting the cell cycle on G 0 /G 1 phase (19) or G 2 /M phase (20) (21) (22) (23) (24) , inducing apoptosis of human laryngeal cancer cells (25) , esophageal cancer (26) , colorectal carcinoma (27) , pancreatic cancer (28) , hepato cellular carcinoma (29, 30) . However, few reports exist on oridonin-induced apoptosis on gastric cancer. Therefore, this study explored apoptosis and related protein expression induced by oridonin on human gastric cancer SGC-7901 cells. Cell viability and cytotoxicity. The cultured cells at the exponential growth phase were harvested from the culture flasks by trypsin and then re-suspended in fresh RPMI-1640 medium. The cell suspensions were dispensed into a 96-well microplate at 100 µl/well and placed in an incubator with 5% CO 2 at 37˚C. After 24 h, 100 µl various concentrations of oridonin were added and incubated for 72 h. Then the medium was discarded and 100 µl of MTT stock solution (1 mg/ml) was added. After incubation for 4 h, DMSO (150 µl) was added to each well to solubilize the water-insoluble purple formazan crystals. The amount of MTT-formazan is directly proportional to the number of living cells and was determined by measuring the optical density (OD) at 570 nm using microplate reader (model 680; Bio-Rad Laboratories, Hercules, CA, USA). The percentage of cytotoxic activity compared to the untreated cells was determined, and the IC 50 was calculated by the Logit method.
Oridonin induces apoptosis through

Cell nuclear morphology observation (Hoechst 33342).
Morphology of apoptotic cell was observed by Hoechst 33342 staining assay. The cells were washed in phosphate-buffered saline (PBS) and fixed in formaldehyde solution (4%, w/v) for 30 min. Then the fixed cells were stained with 10 mg/ml Hoechst 33342 for 10 min, and nuclear morphology was observed under a fluorescence microscopy (Leica, Wetzlar, Germany) equipped with a digital camera.
Confocal laser scanning microscopy assay. Qualitative experiment of apoptosis was observed by confocal laser scanning microscopy after staining cells with the Annexin V-FITC apoptosis detection kit (MultiSciences Biotech Co., Ltd., Hangzhou, China). SGC-7901 cells (1.5x10 5 cells/well) were placed on 6-well plates and incubated with oridonin for 24 h. The cells were stained by Annexin V-FITC (green fluorescence) in the dark for phosphatidylserine (PS) examination. Then cells were stained with PI (red fluorescence) in the dark for nucleus examination. Stained cells were visualized by confocal laser scanning microscopy (Leica, SP2, Wetzlar, Germany) equipped with 488 nm Argon lasers (31) .
Flow cytometric analysis of apoptosis.
Early apoptosis rate were measured using the Annexin V-FITC apoptosis detection kit (MultiSciences Biotech Co. Ltd., China) as described in the supplier instructions. After exposure to oridinin (0, 20, 40 and 80 µM) for 24 h, cells were harvested by centrifugation, washed twice with PBS, and resuspended in Binding Buffer, 5 µl of Annexin V-FITC and 5 µl of propidium iodide (PI, 50 mg/ml) was added and incubated at room temperature in the dark. The data acquisition and analysis were performed using MultiCycle software flow cytometry (Beckman Coulter, xL, USA).
Total protein extraction and western blot assay. SGC-7901 cells were treated with different concentration of oridonin. For isolation of total protein fractions, cells were collected, washed twice with cold PBS, and lysed with cell lysis buffer (50 mM Tris-Cl, pH 8.0, 120 mM NaCl, 50 mM NaF, 200 µM sodium vanadate, 0.5% NP-40, 10 mM phenylmethylsulfonyl fluoride (PMSF), 2 µg/ml aprotinin 0.2 µl, 10 µg/ml leupeptin 10 µl). The lysates were centrifuged at 12000 x g for 10 min at 4˚C, the supernatant was saved at -20˚C. Protein concentrations of cell lysates were detected by Bradford assay (32). Total protein samples were separated by SDS-PAGE. The separated proteins were transferred to NC membranes. After being blocked with blocking solution (5% skim milk in TBS, 10 mM Tris-HCl, 150 mM NaCl, pH 7.5 plus 0.1% Tween-20) at room temperature for 2 h. Each membrane was incubated with primary antibodies overnight at 4˚C. Afterwards, the membranes were probed with the appropriate horseradish-peroxidase conjugated secondary antibody for 2 h at room temperature. Detection was performed by the DAB Horseradish Peroxidase Color Development kit (Beyotime Institute of Biotechnology) according to the manufacturer's instructions. Bands were recorded and relative density units Statistical analysis. The data are presented as the mean ± SD. Statistical significance was calculated using Student's t-test. P-values of ≤5% were considered to indicate statistically significant differences.
Results
Effect of oridonin on SGC-7901 cell viability.
In order to evaluate the effect of oridonin on proliferation of the SGC-7901 cells, the cells were treated with different concentrations of oridonin for 72 h, the cell viability was quantitated by MTT assay. The results showed that oridonin inhibited the proliferation of SGC-7901 cells, and the IC 50 was 22.74 µM. The results are shown in Table I .
Effect of oridonin on SGC-7901 cell nuclei morphology.
The results above can significantly demonstrate that oridonin possessed notable antitumor activity on human gastric cancer SGC-7901 cells. To determine whether the antitumor activity of oridonin was due to induction of apoptosis, SGC-7901 cells were stained with Hoechst 33342 to examine the nuclear morphological changes. The results showed that cells of the control group had normal nuclear morphology and the dye of Hoechst 33342 was evenly distributed under fluorescent microscope, which indicated that the chromatin was equivalently distributed in the nucleus. However, after treatment with different concentrations of oridonin for 24 h, the characteristic features of apoptosis (including marked nuclear fragmentation, nuclear blebbing, condensation of chromatin, and emitting brighter fluorescence) was clearly detected in the SGC-7901 cells under the inverted fluorescence microscope (Fig. 2Ac-e) . These results indicated that oridonin induced cell apoptosis in human gastric carcinoma.
Effect of oridonin on SGC-7901 cell membrance morphology.
In order to confirm whether oridonin induced cell apoptosis, we applied the assay of Annexin V-FITC stain for detection of phosphatidylserine (PS), the biochemical marker of apoptosis. PS is normally located in the inner plasma membrane, however, in the early apoptosis the PS is transferred to its outer surface. Annexin V-FITC combined with PS of the outer surface of the membrance and emit green fluorescent. After treatment with different concentrations of oridonin for 24 h, SGC-7901 cells were stained by Annexin V-FITC (green fluorescence) and PI (red fluorescence), and observed and photographed by laser scanning confocal microscopy.
The results showed that a large number of cells treated with oridonin were positively stained by Annexin V-FITC ( Fig. 2Bc-e) . Which showed that oridonin was able to induce SGC-7901 cell apoptosis.
Oridonin induces early apoptosis rate of SGC-7901 cells.
To quantify the apoptotic rate of oridonin on SGC-7901 cells, the Annexin V-FITC/PI staining and flow cytometry was adopted. The data obtained showed that oridonin induced early apoptosis of SGC-7901 cells in a dose-dependent manner ( Fig. 3 and Table II) . When the cells were treated with 0, 20, 40, 80 µmol/l oridonin for 24 h, the average proportion of Annexin V-staining positive cells and PI-staining negative cells (early apoptotic cells) significantly increased from 1.53%±0.67% in control to 3.33%±0.29, 84.80%±0.82 and 96.43%±0.51%, respectively (Table I ). Fig. 3B shows the graphic representation of the increase in the early apoptotic cells with increase in the dose of oridonin.
Oridonin affects apoptosis-associated protein expression in SGC-7901 cells. Whether or not oridonin induced apoptosis
in SGC-7901 cell through the effects of apoptosis-associated protein, western blots were adopted to examined the protein expression of mitochondrial pathway of SGC-7901 cell treated with 2, 4, 8 µM oridonin. The analysis results showed that all concentrations of oridonin (2, 4, 8 µM) resulted in a significant increase of cytochrome c (Fig. 4A ) and remarkable cleavage of caspases-3 were detected compared with the control group (Fig. 4B) . Mitochondrial dysfunction is regulated by Bcl-2 family proteins, thus the Bcl-2 family proteins were examined in the study. Oridonin caused a significant reduction in Bcl-2 expression whereas the expression of Bax was significantly increased, which led to decrease of Bcl-2/Bax in a concentration-dependent manner (Fig. 4C) . Thus, oridonin could induce apoptosis in SGC-7901 cells with mitochondrial pathway involved.
Discussion
Rabdosia rubescens are used in Chinese folk medicine for treatment of esophageal cancer in Taihang Mountains area of China for a long time. Research showed that oridonin was one of the most important antitumor active ingredient of Rabdosia rubescens (33) (34) (35) (36) . Our previous studies showed that oridonin could arrest the cell cycle in G 2 /M phase in human gastric cancer SGC-7901 cells (3). G 2 /M phase cell cycle arrest induced by oridonin would cause cell apoptosis, in order to confirm this hypothesis, we observed apoptotic effect of oridonin on SGC-7901 cells and the expression of apoptosis related protein, which has scarely been reported in SGC-7901 gastric cancer cells.
In the Hoechst 33342 assay, cells stained by Hoechst33342 were observed by fluorescence microscopy, a classic method to distinguish apoptotic cells, normal cells and necrotic cells (37, 38) . A small amount of Hoechst 33342 could penetrate the normal cell membranes and emit equivalent dark blue fluorescence after combination with DNA. However, lighter blue fluorescence was emitted in the apoptotic cells, because of membrane permeability enhancement, a large amount of Hoechst 33342 penetration, DNA breakage and function inactivation of P-glycoprotein. The fluorescence was darker in the necrotic cells than that in apoptotic cells because the structure of DNA of necrotic cells is unbroken. Thus, the fluorescence of apoptotic cells were lighter than that in the normal cells and the necrotic cells. As shown in Fig. 2Aa , cells of the control group had normal nuclear morphology under fluorescent microscope after Hoechst 33342 staining, indicating that the chromatin was equivalently distributed in the nucleus. The test group cells marked with irregular nuclei, crescent-shaped nuclei, condensation of chromatin and the morphological characteristics of apoptosis, which include emitting brighter fluorescence (Fig. 2Ac-e) , were detected after treatment with In order to further evaluate whether oridonin could induce apoptosis in SGC-7901 cells, the cells were treated with the stain of Annexin V-FITC/PI and detected by confocal microscopy. The results showed that a large number of cells treated by oridonin were positively stained by Annexin V-FITC (Fig. 2Bc-e) , which showed that oridonin could induce SGC-7901 cell apoptosis. The conclusion was consistent with that detected by Hoechst 33342 assay.
After qualitative research of apoptosis induced by oridonin, cells stained with Annexin V-FITC/PI were detected by flow cytometer to quantify the early apoptotic rate induced by oridonin. The percentage of live, early apoptotic, late apoptotic and dead cells were calculated. The results showed that oridonin was able to induce apoptosis of SGC-7901 cells (Fig. 3 and Table II) , which was visible from the percentage increase in mean fluorescence intensity in the early apoptotic stages of the treated cells when compared to the control.
It is well known that apoptosis can be regulated by apoptotic related protein. Bcl-2 family members and caspase family members play important roles in inducing cell apoptosis. The Bcl-2 family proteins, such as the anti-apoptotic protein bcl-2 and the pro-apoptotic protein bax, could enhance the membrane permeability of the mitochondria, which results in cytochrome c release from mitochondria to the cytoplasm (39) . Cytochrome c is combined with apoptosis protease activating factor-1, recruits and cleaves procaspase-9, and activates caspase-3, which is responsible for apoptosis (40) . In order to examine the underlying mechanism of apoptosis of oridonin, the respective expression of Bcl-2, Bax, cytochrome c and cleaved caspase-3 was examined. Based on the results from western blot analysis, oridonin increased the protein expression of Bax, and decreased the protein expression of Bcl-2 (Fig. 4C) . The ratio of Bcl-2/ Bax expression was decreased. Which led to cytochrome c release to the cytoplasm, as shown on the results (Fig. 4A) oridonin also increased the expression of cytochrome c in the cytoplasm in SGC-7901 cells. These observations suggest that oridonin induced apoptosis of SGC-7901 cells via mitochondria-dependent pathway.
Caspase-3, one of the family members of cysteinyl aspartate proteases, is an executioner enzyme inducing apoptosis (41) . Mitochondrial pathway (42) , death receptor-mediated pathway (43) and endoplasmic reticulum pathway (44) are the major signal transduction pathways that induced apoptosis (45, 46) , which ultimately induce cell apoptosis by activating caspase-3 (47) . We found that oridonin evoked caspase-3 activation, as evidenced by the appearance of 17 kDa subunits, which showed that oridonin induced SGC-7901 apoptosis was caspase-3 dependent.
In conclusion, the possible significant molecular signal pathways for oridonin inducing apoptosis in SGC-7901 cells is shown in Fig. 5 . Oridonin may decrease the ratio of Bcl-2/Bax, which lead to dysfunction of mitochondria and cause cytochrome c release, then activate the caspase-3 leading to apoptosis. The present study demonstrated that oridonin induced apoptosis in SGC-7901 cells via the mitochondrial signal pathway, which may represent one of the major mechanisms of oridonin-mediated apoptosis in SGC-7901 cells.
